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ABSTRACT 


The  successful  application  of  the  Nuclear  Powered  Energy  Depot  Concept 
is  partly  dependent  upon  the  practicability  of  ammonia -fueled  gas  turbine 
engines.  The  purpose  of  this  investigation  was  to  assess  the  feasibility 
of  ammonia-fueled  gas  turbine  engines  in  Army  aircraft.  In  accordance 
with  this  objective,  engine  performance  in  the  UH-1D  helicopter  and  in  the 
CV-7A  fixed-wing  aircraft  was  compared  utilizing  both  hydrocarbon  and 
anhydrous  ammonia  fuels.  Aircraft  fuel  system  requirements  were  in¬ 
vestigated,  and  an  elementary  cost  comparison  was  made  for  engine  con¬ 
version  kits  and  production  engines.  Engine  maintenance  was  considered 
briefly. 

From  this  study,  it  is  concluded  that  the  use  of  ammonia  as  a  gas  turbine 
fuel  results  in  considerably  lower  aircraft  productivity  than  the  produc¬ 
tivity  obtained  from  the  use  of  hydrocarbon  fuels. 
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INTRODUCTION 


The  logistics  problems  associated  with  the  supply  of  fuel  to  advanced 
base  areas  during  combat  operations  are  often  formidable.  If  the  proper 
equipment  were  available  in  these  forward  areas:  fuel  could  be  "manu- 
factured'*  from  the  natural  elements  of  nitrogen  and  hydrogen.  Since  air 
is  composed  of  about  78  percent  nitrogen,  and  since  hydrogen  is  obtainable 
from  any  supply  of  water,  ammonia  (NH,)  can  be  produced.  The  use  of 
ammonia  as  a  fuel  has  been  proven  feasible,  despite  certain  penalties  and 
problems  associated  with  its  use  that  must  be  considered. 

This  report  deals  with  the  particular  penalties  and  problems  that  would  be 
encountered  with  the  use  of  ammonia  in  typical  gas  turbine -powered  Army 
aircraft.  A  rotary-wing  (UH-1D)  aircraft  and  a  fixed-wing  (CV-7A)  air¬ 
craft  were  chosen  for  study  to  provide  a  comparison  of  the  effects  of 
ammonia  in  two  distinct  types  of  Army  aircraft. 

Included  in  this  comparison  are  the  effects  of  ammonia  on  engine  per¬ 
formance  and  engine  weight,  on  the  aircraft  fuel  system  and  aircraft 
empty  weight,  on  aircraft  range-payload  characteristics,  and  on  cost  of 
equipment  installation  and  maintenance.  An  outline  of  the  basic  assump¬ 
tions  made  and  the  methods  of  analysis  used  during  this  study  is  also  in¬ 
cluded. 
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BASIC  ASSUMPTIONS 


Aircraft  operating  weights  for  the  nonregenerative  hydrocarbon -fueled 
(JP-4  €  =  0),  the  regenerative  hydrocarbon -fueled  (JP-4  €  =75  percent), 
the  nonregenerative  ammonia-fueled  (NH^  €  =  0),  and  the  regenerative 
ammonia -fueled  (NH  €  =  75  percent)  configurations  are  shown  in  Table 

I  for  the  UH-1D  helicopter  and  the  CV-7A  fixed-wing  aircraft. 


TABLE  I 

AIRCRAFT  OPERATING  WEIGHTS 


Configuration 

UH-1D 

(lb) 

CV-7A 

(lb) 

JP-4  € 

=  0 

5,  000 

23,  200 

JP-4  € 

=  75% 

5,  300 

not  considered 

NH3  € 

=  0 

5, 100 

23, 450 

nh3  « 

=  75% 

5,500 

25,  200 

The  operating  weight  of  each  configuration  of  UH-1D  consists  of  a  200. 
pound  pilot  and  31  pounds  of  trapped  liquids.  The  regenerative  configura¬ 
tions  consist  of  an  additional  weight  of  400  pounds  for  the  regenerator  and 
additional  engine  installation  hardware.  In  the  case  of  the  ammonia- 
fueled  configurations,  there  was  an  additional  engine  weight  of  100  pounds. 
The  operating  weight  of  each  configuration  of  the  CV-7A  consists  of  a 
600 -pound  crew  (pilot  and  two  crew  members)  and  70  pounds  of  trapped 
liquids.  The  regenerative  configurations  consist  of  an  additional  weight 
of  1,  750  pounds  for  the  two  regenerators  and  additional  engine  installation 
hardware.  In  the  case  of  the  ammonia -fueled  configurations,  there  was 
an  additional  engine  weight  ol  250  pounds  for  the  two  engines. 

Fuel  system  weights  of  the  ammonia -fueled  craft  were  determined  from 
the  fuel  system  weight  curves  presented  in  this  report  and  from  the  total 
mission  fuel  requirements.  All  aircraft  operating  weights  presented  con¬ 
tained  the  hydrocarbon  fuel  system  weight.  This  fuel  system  weight  was 
not  removed  from  the  ammonia -fueled  craft,  since  it  was  assumed  that 
the  craft  would  have  a  multifuel  capability;  that  is,  by  means  of  a  simple 
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valving  system,  the  engine  could  operate  with  either  hydrocarbon  or 
ammonia  fuels. 

A  quick  survey  was  made  to  determine  the  aircraft  C.  G.  location  at  the 
design  gross-weight  conditions.  In  the  case  of  the  IJH-1D,  it  was  deter¬ 
mined  that  cylindrical  tanks  had  to  be  used  in  order  to  maintain  the  C.  G. 
aft  of  station  129,  which  is  the  forward  C.  G.  limit.  If  a  spherical  tank 
having  a  capacity  equal  to  the  cylindrical  tank  were  used.,  its  larger  diam  • 
eter  would  cause  the  helicopter  C.  G.  to  shift  into  the  forward  C.  G.  criti¬ 
cal  limit  range.  In  some  cases  in  this  investigation,  it  was  assumed  that 
the  C.  G.  limits  would  prevent  the  craft  from  carrying  a  full  payload.  In 
the  case  of  the  CV-7A  aircraft,  which  has  a  larger  cargo  compartment, 
the  fuel  tanks  could  \  e  placed  to  maintain  the  aircraft  C.  G.  within  the 
critical  limits  at  all  times.  Arrangement  of  payloads  in  the  fixed-wing 
craft  may  impose  a  problem,  because  of  the  large  fuel  tanks  located  near 
the  C.  G.  of  the  craft' 

The  mission  used  for  the  helicopter  engine  evaluation  is  defined  as  follows: 

1.  Warm-up  and  takeoff  allowances:  7  minutes  of  normal  rated 
power  at  sea  level  (two  takeoffs,  initial  and  midpoint). 

2.  Cruise  out:  sea  level,  at  designated  cruise  speeds. 

3.  Land  at  remote  base  (no  change  in  payload). 

4.  Cruise  back:  sea  level,  at  designated  cruise  speeds. 

5.  Reserve  allowance:  10  percent  of  initial  fuel  load. 

The  mission  used  for  the  fixed-wing  aircraft  engine  evaluation  is  defined 
as  follows: 


1.  Warm-up  and  takeoff  allowances:  10  minutes  of  normal  rated 
power  at  sea  level  (two  takeoffs,  initial  and  midpoint). 

2.  Cruise  out:  sea  level,  at  designated  cruise  speeds. 

3.  Land  at  remote  base  (no  change  in  payload). 

4.  Cruise  back:  sea  level,  at  designated  cruise  speeds, 
r.  Reserve  allowance:  .  0  percent  of  initial  fuel  load. 

A  single -view  drawing  of  the  UH-1D  and  a  three -view  drawing  of  the 
CV-7A  are  shown  in  Figures  1  a..id  2,  respectively. 
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AMMONIA  FUEL  TANKS  AND  AIRCRAFT  FUEL  SYSTEMS 


The  boiling  point  of  anhydrous  ammonia  at  atmospheric  pressure  is  -28°F. 
The  freezing  point  is  -108°F.  Ammonia  must  therefore  be  stored  in  pres¬ 
surized  and/or  refrigerated  vessels.  The  high  coefficient  of  thermal  ex¬ 
pansion  permits  only  partial  filling  of  the  container,  to  avoid  failure  under 
hydrostatic  pressure.  Section  73.  315(a)  of  Shipper  Rules  and  Regulations 
states  that  unlagged  cargo  tanks  and  portable  tank  containers  for  liquid 
anhydrous  ammonia  may  be  filled  to  87.  5  percent  by  volume,  provided 
that  the  temperature  of  the  anhydrous  ammonia  being  loaded  into  such 
tanks  is  determined  to  be  not  lower  than  +30°F,  or  provided  that  the  filling 
of  such  tanks  is  stopped  at  the  first  indication  of  frost  or  ice  formation  on 
the  outside  surface  of  the  tank  and  is  not  resumed  until  such  frost  or  ice 
has  disappeared.  *  Therefore,  the  maximum  permitted  filling  density  of 
87.  5  percent  by  volume  was  used  in  the  design  of  all  tanks. 

Two  types  of  materials  were  considered  for  construction  of  lightweight, 
high-pressure  fuel  tanks:  steels  and  fiber-glass -reinforced  plastics. 

Fiber  glass  is  more  attractive  for  the  construction  of  smaller  tanks,  in 
which  the  wall  thickness  is  dictated  by  handling  and  the  possibility  of 
mechanical  damage  rather  than  stress.  Steels  were  assumed  to  be  best 
for  large -size  tanks,  in  which  wril  thickness  of  0. 100  inch  or  more  is 
required.  In  order  to  complete  a  typical  aircraft  mission,  the  fuel  tank 
capacity  is  considered  to  be  relatively  large.  Therefore,  only  steel  fab¬ 
rication  was  considered  to  be  applicable  to  this  study. 

The  selection  of  a  suitable  material  to  meet  the  requirements  of  a  pres¬ 
surized  ammonia  fuel  tank  was,  in  part,  guided  by  the  report  of  Moran, 
Mihensen,  and  Skinner.  **  It  is  apparent  from  the  report  that  certain 
stainless  and  nickel  alloy  steels  resist  most  highly  the  corrosive  action 
caused  by  the  nitrogen  in  ammonia.  Of  those  investigated,  the  two  types 
of  steel  which  offered  the  greatest  resistance  to  corrosion  were  A1S1  330 


*T.  C.  George,  "Agent  T.  C.  George's  Tariff  No.  15,  Interstate  Com¬ 
merce  Commission  Rules  and  Regulations",  September  1963,  pp.  92-96. 

**J.  J.  Moran,  J.  R.  Mihensen,  and  E.  N.  Skinner,  "Behavior  of  Stain¬ 
less  Steels  and  Other  Engineering  Alloys  in  Hot  Ammonia  Atmos¬ 
pheres",  Corrosion  17,  Number  4,  April  1961,  pp.  115-119. 
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stainless  steel  and  Inconel  alloy.  The  Inconel  alloy  offers  the  greatest 
resistance.  An  important  notation  is  that  the  nickel -base  alloys  in  the 
iron-nickel -chromium  systems  are  substantially  more  resistant  to  attack 
by  nitrogen  than  those  alloys  richer  in  iron  and  chromium.  Polished 
surfaces  are  even  more  resistant.  Taking  all  considerations  into  account* 
inconel  alloy  600*  having  a  density  of  0.  30?  pound  per  cubic  inch  and  an 
ultimate  tensile  strength  of  80, 000  psi,  was  selected. 

Two  basic  fuel  tank  designs  were  investigated:  spherical,  and  cylindrical 
with  spherical  ends.  Tank  configurations  are  shown  in  Figure  3.  Typical 
cylindrical  and  spherical  tank  baffles  are  shown  in  Figures  4  and  5,  re¬ 
spectively.  hi  order  for  ammonia  tc  be  maintained  in  a  liquid  state  at  a 
given  temperature,  its  vapor  pressure  must  equal  or  exceed  the  pres¬ 
sure  shown  in  Figure  6.  For  example,  if  ammonia  is  to  be  stored  at  a 
temperature  of  50°F,  its  vapor  pressure  must  be  75  psig  or  greater;  or, 
at  a  temperature  of  165°F,  its  vapor  pressure  must  be  515  psig  or 
greater.  In  a  hot  stagnant  environment,  such  as  the  car  jo  compartment 
of  an  aircraft,  the  temperature  could  reach  165°F.  Therefore,  in  tanks 
designed  for  the  storage  of  ammonia  in  aircraft  cargo  compartments, 
the  NH3  vapor  pressure  must  be  equal  to  or  greater  than  515  psig. 

In  accordance  with  this  requirement,  a  500  -psig  vapor  or  tank  working 
pressure  was  selected  as  a  design  consideration  to  be  used  in  the  air¬ 
craft  performance  studies.  A  second  working  pressuxe  of  75  psig  was 
also  selected,  in  order  to  compare  aircraft  performance  with  the  use  of 
both  relatively  low-  and  high-pressur?  tank  designs. 

From  previous  research  in  gelation  of  hydrocarbon  fuels  for  flight  safety, 
it  became  apparent  that  gelation  of  ammonia  fuels  through  the  use  of  an 
additive  might  be  feasible.  Experience  has  shown  that  the  gelation  of 
other  low -boiling  materials  such  as  naphthas,  ethers,  and  chlorinated 
compounds  will  not  lower  the  vapor  pressure  of  the  material  being  gelled. 
Gelation  will,  however,  decrease  the  rate  of  vaporisation. 

It  is  anticipated  that  gelation  will  not  eliminate  the  heavy  tanks  needed  to 
store  ammonia,  but  it  may  simplify  the  handling  problem,  because  it  will 
retard  the  rate  of  vaporization.  In  turn,  it  is  believed  that  the  boiling 
point  of  -28°F  for  anhydrous  ammonia  will  increase,  which  will  reduce 
the  refrigeration  requirements  of  nonpros surized  containers. 

Storage  of  ammonia  may  be  accomplished  with  refrigerated  or  nonrefrig¬ 
erated  tanks.  Storage  of  ammonia  in  nonrefrige  rated  tanks,  resulting  in 
high  vapor  pressures,  is  discussed  in  the  following  section. 


7 


9 


SHORT 


Figure 


VAPOR  PRESSURE,  PSIG 


HIGH-PRESSURE  TANKS 


Tables  II  and  HI  show  the  design  characteristics  of  spherical,  cylindrical, 
short,  and  long  tanks  of  various  capacities,  based  on  a  working  pressure 
of  500  psig.  The  design  pressure  of  these  tanks  is  2.  5  times  the  working 
pressure.  The  2.  5  safety  factor  was  obtained  from  MIL-T-7378A.  * 

This  specification  states  that  the  tanks  must  withstand  a  hydrostatic  pres¬ 
sure  of  not  less  than  2.  5  times  the  maximum  operating  pressure  (working 
pressure)  encountered  under  all  conditions.  The  pertinent  data  from 
Tables  H  and  HI  are  plotted  in  Figures  7  and  8. 

From  Figure  7,  it  can  be  seen  that  the  short  cylindrical  tank  is  slightly 
heavier  than  the  long  tank;  and  since  it  does  not  offer  any  advantages  in 
aircraft  installation  (aircraft  C.  G.  location),  it  will  not  be  considered  for 
use  in  the  aircraft  performance  studies. 

An  interesting  note  from  Figure  8  is  that  the  ratio  of  tank  weight  to  fuel 
weight  is  constant  for  a  given  pressure  and  varying  tank  capacity.  Figure 
9  shows  the  ratio  of  tank  weight  to  fuel  weight  plotted  against  a  varying 
working  pressure.  Therefore,  as  shown  in  Figure  8,  the  weight  ratios  of 
any  working  pressure  will  remain  Constant  for  any  tank  capacity. 

The  ratio  of  aircraft  fuel  system  weight  to  fuel  weight  versus  working 
pressure  is  shown  in  Figure  10.  The  fuel  system  weight  is  made  up  of 
tank,  base,  piping,  etc.  Typical  fuel  tank  installations  in  the  UH-1D  and 
CV-7A  are  shown  in  Figures  11  and  12,  respectively.  Each  tank  should 
have  a  pressure  and  temperature  gauge  (shown  in  Figures  11  and  12  as 
PG  and  TG),  and  a  temperature  versus  pressure  chart  reflecting  infor¬ 
mation  given  in  Figure  6.  Each  tank  should  also  be  equipped  with  at  least 
two  preset  pressure-relief  valves  for  safety  and  a  fuel  transfer  pump 
for  low-temperature  and  low-pressure  operation. 

A  quick  cost  estimate  of  spherical  and  long  cylindrical  tanks  was  con¬ 
ducted,  with  the  results  shown  in  Figure  13.  Cost  of  instruments  and 
fuel  transfer  pump  is  not  included  in  the  estimates. 


♦MIL.-T-7378A  (USAF),  "Military  Specification:  Tanks,  Fuel,  Aircraft, 
External,  Auxiliary,  Removable",  October  1958,  Sec.  3.7.6.,  p.  12. 
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AMMONIA-FILLED  SPHERICAL  FL-jl: 


FUEL 

CAPACITY 

(GALLONS)* 

25 

50 

75 

100 

125 

150 

175 

200 

225 

25C 

TANK 

CAPACITY 

(VOLUME) 

28.  5 

57.  1 

85.  7 

114.  2 
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♦BASED  ON  MAXIMUM  FILLING  DENSITY  OF  87.  5%  BY  VOLUME. 
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AMMONIA- FILLED  SPHERICAL  FUEL  TANKS,  DESIGN  CHARACTERISTICS  j>NTKS, 
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ANlflpAL  fuel  tanks,  design  characteristics 
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Figure  7.  Ammonia  Fuel  Tanks,  Fuel  Tank  Weight  Versus  Fuel  Weight. 
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gure  11.  UH- ID  Cargo  Area 
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Figure  12.  CV-7A  Cargo  Area. 
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LOW-PRESSURE  TANKS 


In  this  section,  methods  of  low-pressure  tank  storage  are  discussed,  ac¬ 
complished  either  by  the  use  of  refrigerated  tanks  or  by  refrigerated 
ammonia  in  heavily  insulated  storage  tanks  for  long-time  storage. 

One  of  the  most  attractive  methods  for  storing  large  quantities  of  am¬ 
monia  is  the  use  of  nonpressurized  containers.  The  ammonia  is  main¬ 
tained  at  approximately  -28°F  by  the  refrigeration  resulting  from  am¬ 
monia  evaporation.  The  ammonia  vapor  may  be  recondensed  in  auxiliary 
equipment  for  long-term  storage.  The  use  of  low-pressure  insulated 
tanks  for  aircraft  applications  appears  to  have  some  advantages,  if  the  ap¬ 
proach  and  assumptions  are  accepted.  The  ammonia  would  be  delivered 
to  the  aircraft  tank  from  the  bulk  storage  at  -28 °F  and  atmospheric  pres¬ 
sure.  By  insulating  the  fuel  tank  to  reduce  heat  inflow  and  by  using  the 
ammonia  as  a  heat  sink,  the  ammonia  could  be  maintained  at  a  low  temp¬ 
erature,  and  losses  due  to  vaporization  could  be  minimized. 


A  100-gallon,  long  cylindrical  tank  has  been  selected  to  demonstrate  this 
principle.  From  Table  III,  it  can  be  seen  that  a  tank  having  an  allowable 
ammonia  capacity  of  100  gallons  will  have  a  capacity  of  26,400  cubic 
inches,  an  outside  diameter  of  27.  50  inches,  and  an  overall  length  of 
54.75  inches  at  a  75-psig  working  pressure.  Assume  that  there  is  1  inch 
of  felted  fiber  glass  insulation  with  a  density  of  0.  5  pound  per  cubic  foot 
and  a  thermal  conductivity  of  0.  023  Btu/tir  ft^  *F /it.  The  weight  of  this 
insulation  would  be  1.  395  pounds,  which  can  be  considered  negligible. 


W  =  AXthXp  =  33.45  X  .083  X  0.5  =  1.395  lb 


(1) 


where 

A  is  tank  surface  area, 
th  is  insulation  thickness, 
p  is  insulation  density. 

A  tank  vent  valve  would  be  installed  as  a  safety  measure,  but  in  order  to 
minimize  loss  caused  by  vaporization,  this  valve  would  not  open  during  a 
normal  mission.  This  establishes  the  upper  temperature  limit  of  the  am¬ 
monia  fuel  remaining  in  the  tank  at  the  end  of  the  mission.  The  75-psig 
allowable  working  pressure  for  the  tank  corresponds  to  the  saturation 
pressure  of  ammonia  at  a  temperature  of  50#F.  During  the  mission,  am¬ 
monia  will  be  removed  from  the  tank,  and  some  of  the  liquid  ammonia 
will  evaporate  to  keep  the  larger  vapor  space  filled.  During  the  ground 
time  between  filling  the  tank  and  starting  the  mission,  the  liquid  ammonia 
will  slowly  expand  as  the  temperature  increases.  Under  the  87.5- 
percent  fill  condition,  this  expansion  is  such  that  no  ammonia  vaporization 


26 


will  occur  for  temperatures  lower  than  50°F.  Since  the  50°F  ammonia 
temperature  at  the  end  of  the  mission  has  been  established  as  the  limiting 
factor,  it  is  necessary  to  calculate  the  maximum  temperature  of  the  am¬ 
monia  at  the  start  of  the  mission.  The  amount  of  ammonia  which  will 
evaporate  during  the  flight  to  keep  the  vapor  space  filled  is  as  follows: 

- —  L-„  X  0.  3034  lb/ft3  =  4.  06  lb.  (2) 

7.  48  gal/ft'5 

The  0.  3034  pound  per  cubic  foot  is  the  density  of  ammonia  vapor  at  50 
psig.  The  evaporation  of  4.  06  pounds  of  ammonia  will  absorb  2,  310  Btu's 
of  heat. 


4.  06  lb  X  570  Btu/lb  =  2,  310  Btu.  (3) 

The  total  heat  input  to  the  ammonia  during  a  1/ 2-hour  mission  with  an 
ambient  air  temperature  of  90°F  is  as  follows: 


kA  ATt  _  0.023  X  33.45  X  40  X  0.  5 
L  "  0.0835 


=  185  Btu 


(4) 


where 

k  is  conductivity. 

A  is  area. 

4T  is  90°f  -  50°F  =  40°F. 
t  is  time. 

L  is  insulation  thickness. 

As  shown  above,  2,  310  Btu's  will  be  absorbed  by  the  evaporation  of  the 
4.06  pounds  of  ammonia,  and  only  185  Btu's  will  be  absorbed  during  the 
mission.  Therefore,  the  ammonia  will  be  cooler  at  the  end  of  the  mis¬ 
sion.  Theoretically,  the  mission  could  start  at  an  ammonia  temperature 
higher  than  50°F,  but  the  75-psig  working  pressure  which  represents  a 
50°F  ammonia  temperature  would  be  the  controlling  factor.  Therefore, 
the  mission  must  start  at  an  ammonia  temperature  lower  than  50°F. 

Since  it  has  been  established  that  the  aircraft  tank  will  be  filled  with 
-28°F  ammonia  and  that  the  ammonia  temperature  at  takeoff  cannot  ex¬ 
ceed  50°F  without  venting,  the  next  question  is  the  permissible  length  of 
time  between  refueling  and  takeoff.  The  maximum  elapsed  time  from  re¬ 
fueling  to  takeoff  for  no  loss  caused  by  vaporization  (other  than  the  4.  06 
pounds  required  for  tank  pressurization)  is  calculated  as  follows: 

WF  Cp('f2-  Tl)_  WFCpL(T2-Tl) 

*  ~  q  kA  4T  (5) 
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where 

4T  is  ambient  temperature  minus  average  fuel  temperature 


=  90  - 


".28  +*lrJc2SL 
2 


=  79°F. 


=  ammonia  temperature  at  fill  (°F). 

=  ammonia  temperature  at  takeoff  (°F). 

=.  average  specific  heat  of  liquid  ammonia 


=  1.  06  +  1. 13  =  1. 1  Btu/lb  *F 
W  =  fuel  weight  =  569  lb. 


t  -  569  X  I,  1  X  .0835  X  78  -  67  h 
023  X  33.45  X  79  ‘  * 


(6) 


(7) 


Therefore,  the  ammonia  will  reach  a  temperature  of  50°F  when  stored  at 
an  ambient  temperature  of  90°F  for  67  hours.  For  any  shorter  period  of 
elapsed  time  between  refueling  and  takeoff,  the  temperature  of  the  fuel 
will  be  lower  at  time  of  takeoff,  and  will  not  reach  50°F  during  the  as¬ 
sumed  l/2-hour  mission.  For  any  period  of  elapsed  time  between  re¬ 
fueling  and  takeoff  longer  than  those  quoted  above,  evaporation  of  the  am¬ 
monia  will  maintain  the  ammonia  at  50°F,  and  the  excess  ammonia  vapor 
will  be  vented  to  the  atmosphere.  The  rate  of  venting  or  loss  due  to 
evaporation  is  calculated  as  follows: 


For  90°F  ambient  conditions, 

q  input  *  SA4I  =  ^^^45  X  40  .  ,6,  Btu/hy. 

NH~  1088  =  'cS-ft  -  0. 647  lb/hr. 

3  570  Btu/lb 


(8) 

(9) 
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ENGINE  PERFORMANCE 


An  existing  computer  program  for  hydrocarbon-fuel  engine  cycle  perfor¬ 
mance  was  modified  to  determine  gas  turbine  performance  using  ammonia 
as  a  fuel.  In  order  to  expedite  and  complete  this  study  in  a  timely  manner, 
the  following  assumptions  were  made: 

1.  Stable  combustion  is  obtainable  when  ammonia  is  used  as  a  fuel. 

2.  Lower  heating  value  of  ammonia  is  selected  as  8,  000  Btu/lb. 

3.  Combustor  performance  of  an  ammonia-fueled  engine  is  equal 
to  that  of  a  hydrocarbon- fueled  engine. 

4.  Standard  combustor  fuel  injection  is  used. 

The  lower  heating  value  of  ammonia  (8,  000  Btu/lb)  will  result  in  higher 
specific  fuel  consumption  (SFC)  than  that  experienced  with  hydrocarbon 
fuels  (18,400  Btu/lb).  This  strongly  suggests  regeneration,  particularly 
because  fouling  is  not  expected  to  present  problems  with  the  products  of 
combustion  received  from  ammonia  fuels.  These  combustion  products 
are  water  and  nitrogen,  with  small  traces  of  ammonium  nitrate  and 
nitrogen  dioxide.  According  to  available  literature,  these  products  of 
combustion  are  nontoxic  and  noncorrosive. 

A  75-percent-effectiveness  regenerator  was  selected  for  this  study.  The 
specific  regenerator  weight  is  estimated  to  be  approximately  30  pounds 
per  pound  per  second  of  airflow.  For  example,  the  T53  engine  having 
an  airflow  of  approximately  11  pounds  per  secund  will  have  an  additional 
weight  of  330  pounds. 

Estimated  engine  performance  curves  for  the  T53-L-11  and  T64-GE-10 
are  shown  in  Figures  14  and  15,  respectively.  The  maximum  rated  power 
and  the  SFC  at  that  power  level  (100-percent  maximum  rated  power)  are 
shown  in  the  upper  right-hand  corner  of  each  figure.  As  can  be  seen, 
the  maximum  power  of  each  engine  (nonregenerative)  increased  by  approxi¬ 
mately  15  percent  when  ammonia  was  used  as  a  fuel,  because,  as  ammonia 
has  a  much  lower  heating  value  than  hydrocarbon  fuels,  which  require  an 
additional  mass  of  ammonia  to  burn  at  the  required  turbine  inlet  tem¬ 
perature,  the  maso  across  the  gassifier  and  power  turbine  will  increase 
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by  approximately  3  percent  over  the  hydrocarbon-fueled  engine.  This  3- 
percent  increase  in  mass  flow  will  result  in  a  3-percent  increase  of  output 
power.  The  remaining  12-percent  increase  in  power  is  caused  by  the 
different  properties  of  the  products  obtained  from  the  combustion  of  the 
ammonia  fuel;  for  example,  a  substantial  increase  in  the  ratio  of  specific 
heats. 

When  a  75-percent-effectiveness  regenerator  was  applied  to  the  ammonia- 
fueled  T53  engine,  the  SFC  of  that  engine  was  reduced  by  29.8  percent  at 
the  maximum  power  condition.  By  applying  a  75-percent-effec.tiveness 
regenerator  to  the  ammonia -fueled  T64,  only  a  7.7-percent  reduction  in 
SFC  was  realized.  The  smaller  reduction  in  SFC  in  the  T64  engine  is 
caused  by  this  engine’s  thermal  cyclic  characteristics;  or  more  specif¬ 
ically,  this  engine  has  a  compressor-pressure  ratio  of  12.57:  1  as  com¬ 
pared  to  a  6:1  compressor-pressure  ratio  for  the  T53  engine.  As  a 
general  rule,  regeneration  would  not  be  utilized  on  an  engine  having  a 
compressor-pressure  ratio  higher  than  8:1  with  current  turbine  inlet 
temperatures  (1,  700-1,  800°F).  This  is  not  to  say  that  regenerators 
would  not  or  should  not  be  used  on  high-pressure- ratio  engines.  As 
turbine  inlet  temperature  increases,  the  optimum  pressure  ratio  for 
regeneration  will  increase  accordingly.  For  example,  in  the  case  of  an 
engine  having  a  turbine  inlet  temperature  of  2,  000°F  with  a  pressure  ratio 
of  12:1  and  a  75 -percent-effectiveness  regenerator,  the  SFC  will  decrease 
approximately  15  percent  from  the  nonregenerative  version.  As  shown 
above,  the  reduction  in  SFC  with  a  turbine  inlet  temperature  of  1,  800°F 
was  only  7.  7  percent.  In  order  to  obtain  a  true  comparison  of  hydrocarbon- 
and  ammonia -fueled  engines,  the  performance  of  a  regenerative  T53  engine 
utilizing  hydrocarbon  fuel  (JP-4)  was  determined  and  is  shown  in  Figure 
14.  The  regenerative  hydrocarbon-fueled  engine  showed  a  reduction  of 
28.  1  percent  in  SFC  from  the  nonregenerative  engine  at  the  maximum 
power  level  (100  percent).  No  attempt  was  made  to  determine  the  perfor¬ 
mance  of  a  regenerative  hydrocarbon-fueled  T64  engine,  because  of  only 
limited  improvement  in  SFC,  as  discussed  above. 

UH-1D  PERFORMANCE 


The  UH-1D  helicopter  is  capable  of  hovering  out  of  ground  effect  with  a 
gross  weight  of  8,  000  pounds  at  sea  level  pressure  altitude  and  60°F 
ambient  temperature  with  normal  rated  power  (900  horsepower).  There¬ 
fore-  the  8,  000-poun''’.  gross  weight  condition  was  selected  for  this  investi¬ 
gation.  Figure  16  shows  the  power  required  at  varying  speeds  at  the 
selected  gross  weight.  Helicopter  mission  analyses  were  conducted  be¬ 
tween  the  maximum  endurance  speed  (61  knots)  and  maximum  speed  and 
best  range  (102  knots). 
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Using  the  engine  performance  shown  in  Figure  14  and  the  power  required 
shown  in  Figure  16,  the  specific  range  for  each  craft  was  derived  and  is 
shown  in  Figure  1 7. 


Typical  payload-radius  curves  are  shown  in  Figures  18  and  19.  Data  pre¬ 
sented  in  Figure  18  were  based  on  the  high-pressure  ammonia  tank  design, 
while  Figure  19  data  were  derived  using  the  low-pressure  tank  design. 
Table  IV  shows  values  extracted  from  Figures  17,  18,  and  19  at  a  cruise 
speed  of  102  knots  and  at  a  zero-payload  condition.  This  condition  repre¬ 
sents  a  payload  of  a  pilot,  and  the  remaining  weight  is  fuel  and  fuel  tank. 

As  shown  in  Figure  18,  the  internal  fuel  capacity  of  the  UH-1D  is  1,  430 
pounds.  By  incorporating  external  fuel  tanks  into  the  hydrocarbon-fueled 
configurations,  the  maximum  range  at  zero  payload  can  be  determined. 
Note:  All  helicopter  performance  will  be  compared  with  performance  of 
the  nonre generative  hydrocarbon-fueled  (JP-4)  configurations.  Specific 
range  values  (nautical  miles  per  pound  of  fuel)  shown  in  Table  IV  indicate 
that  the  nonregenerative  hydrocarbon-fueled  helicopter  has  an  increased 
capability  of  58  percent  over  the  nonregenerative  ammonia-fueled  heli¬ 
copter  and  one  of  34  percent  over  the  regenerative  ammonia -fueled  con¬ 
figuration,  while  the  regenerative  hydrocarbon-fueled  helicopter  has  an 
increased  capability  of  45  percent  over  the  nonregenerative  version. 

Utilizing  the  high-pressure  ammonia  tank  design  data  shown  in  Table  IV, 
the  nonregenerative  ammonia -fueled  helicopter's  mission  radius  capability 
was  determined  to  be  only  one-fourth,  that  of  the  nonregenerative 
hydrocarbon-fueled  version,  the  capability  of  the  regenerative  ammonia 
configuration  was  slightly  over  one-third  that  of  the  nonregenerative 
hydrocarbon  craft's  capability,  and  the  regenerative  hydrocarbon-fueled 
helicopter  had  an  increased  capability  of  35  percent  over  the  nonregenera¬ 
tive  version.  By  utilizing  the  low-pressure  tank  design,  it  was  found  that 
the  regenerative  ammonia-fueled  helicopter's  radius  capability  was  approx¬ 
imately  one -half  that  of  the  nonregenerative  hydrocarbon-fueled  craft. 

The  ammonia-fueled  nonregenerative  helicopter  with  the  low-pressure 
tanks  had  an  increase  of  29  percent  in  radius  capability  over  the  high- 
pressure  tank  version,  while  the  regenerative  configurations  experienced 
an  increase  of  26  percent.  From  Figure  20,  zero-payload  and  1,  750- 
pound-payload  conditions  were  selected  for  comparison  and  are  shown  in 
Table  V  at  a  cruise  speed  of  61  knots,  which  is  the  speed  for  maximum 
endurance.  The  ammonia-fueled  helicopter's  endurance  capability  was 
about  one-fourth  that  of  the  hydrocarbon-fueled  craft. 

Utilizing  information  depicted  in  Figures  21,  22,  and  23,  a  comparison  of 
helicopter  productivity  is  shown  in  Table  VI  at  mission  radii  of  20  and  40 
nautical  miles.  Productivity  data  presented  in  Table  VI  indicate  that  the 
nonregenerative  ammonia-fueled  helicopter's  productivity,  depending  upon 
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the  mission  radius,  ranged  from  one-fourth  to  one-sixth  that  of  the 
hydrocarbon-fueled  craft's  capability,  while  the  regenerative  ammonia- 
fueled  craft's  productivity  ranged  from  one-third  to  one-fourth  that  of  the 
nonre generative  hydrocarbon-fueled  craft's  capability. 

A  quick  survey  of  the  fuel  requirements  for  conducting  a  40 -nautical -mile  - 
radius  mission  as  shown  in  Table  VI  indicates  that  the  nonre  generative 
ammonia -fueled  helicopter  would  require  1.  15  pounds  of  ammonia  per 
pound  of  cargo  transferred,  or  six  times  as  much  as  fuel  as  that  required 
by  the  standard  UH-1D.  The  regenerative  ammonia -fueled  version  will 
require  over  twice  as  much  fuel  as  the  standard  UH-1D,  while  the  regen¬ 
erative  hydrocarbon-fueled  helicopter  will  require  only  about  half  as  much 
fuel  as  the  standard  UH-1D.  Figure  24  indicates  that  missions  longer  than 
a  40 -nautical -mile  radius  for  the  nonre  generative  ammonia -fueled  heli¬ 
copter  and  longer  than  a  60-nautical-mile  radius  for  the  regenerative 
configuration  would  not  be  practiced  when  transferring  cargo. 
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ECIFIC  FUEL  CONSUMPTION  (SFC),  LB/HP/HR 


Figure  14.  Estimated  Engine  Performance  Utilizing 
Ammonia  as  a  Fuel,  T53-L-11. 
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(SFC),  LB/HP/HR 
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SPECIFIC  RANGE.  NAUT  MI/LB 


PAYLOAD,  LB 


PAYLOAD,  LB 


•T;T« 


Figure  23.  UH-1D,  Radius  Versus  Productivity. 
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References:  Figures  18,  21,  22,  23,  and  24. 


CV-7A  PERFORMANCE 


The  CV-7A  aircraft,  which  is  powered  by  two  T64-GE-10  gas  turbine 
engines,  has  two  gross  weight  ratings,  the  lighter  rating  of  34,000 
pounds  depicting  the  aircraft  in  its  STOL  configuration  and  the  heavier 
gross  weight  rating  of  38,000  pounds  depicting  the  aircraft  in  a  conven¬ 
tional  configuration.  For  the  purpose  of  this  study,  a  gross  weight  of 
38,000  pounds  was  utilized,  of  which  22,530  pounds  represents  the  air¬ 
craft  empty  weight,  therefore  leaving  a  useful  load  of  15,470  pounds. 

This  aircraft  has  an  internal  hydrocarbon-fuel  capacity  of  13,556  pounds. 

Actual  aircraft  characteristics,  such  as  weights,  speed  versus  power 
required,  etc.,  were  not  available  at  the  time  of  this  investigation. 
Therefore,  data  pertaining  to  the  aircraft  characteristics  were  gathered 
from  early  proposals  by  The  de  Havilland  Aircraft  of  Canada  Ltd.  's 
model  specifications,  and  from  the  AVCOM  CV-7A  Prefect  Manager's 
office.  Using  the  engine  performance  shown  in  Figure  15  and  the  power 
required  shown  in  Figure  25,  the  specific  range  was  derived  for  each 
engine  configuration  (JP-4  €  =  0,  NH3  €  *  0,  NH3  C  a  75  percent)  and 
is  shown  in  Figure  26. 

Typical  payload- radius  curves  were  derived  based  on  the  high-pressure 
ammonia-tank  design  at  cruise  speeds  of  120,  160,  and  200  knots,  and 
are  shown  in  Figures  27,  28,  and  29,  respectively.  Using  the  low- 
pressure  tank  design,  payload- radius  curves  at  cruise  speeds  of  160  and 
200  knots  were  determined  and  are  shown  in  Figures  30  and  31,  respec¬ 
tively.  As  seen  from  the  curves,  there  is  no  advantage  in  the  regenera¬ 
tive  ammonia -fueled  aircraft,  because  of  the  T64  thermal  cycle  charac¬ 
teristics  as  discussed  in  the  engine  performance  studies  section  of  this 
report.  The  maximum  radius  capability  of  the  hydrocarbon-fueled  CV-7A 
was  reduced  by  approximately  70  percent  when  the  ammonia  fuel  was 
considered  in  conjunction  with  the  high-pressure  tank  design.  Using  the 
low-pressure  tank  design,  a  62-percent  reduction  was  realized. 

Aircraft  productivity  curves  in  ton-miles  per  hour  per  ton  of  fuel  are 
shown  in  Figures  32  and  33,  and  in  Figure  34,  which  also  shows  aircraft 
productivity  in  ton-miles  per  ton  of  fuel.  In  general,  the  productivity  of 
the  ammonia -fueled  craft  is  about  one -fourth  that  of  the  hydrocarbon- 
fueled  craft's  capability.  The  low-pressure  tank  design  has  an  increased 
productivity  capability  of  approximately  35  percent  over  the  high-pressure 
tank  design.  Figure  35  gives  a  brief  survey  of  the  fuel  logistics;  that  is, 
pounds  of  fuel  consumed  per  pound  of  cargo  transferred  at  a  cruise  speed 
of  160  knots,  which  is  the  speed  for  maximum  range.  For  example,  in 
the  case  of  a  mission  radius  of  100  nautical  miles  and  the  transfer  of 
10,000  pounds  of  cargo,  the  fuel  requirements  would  be  as  follows: 
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Aircraft  Configuration 


Fuel  Required,  Lb 


JP-4  £  =  0  ........  j  500 

NH3  €  -  0  and  £  =  75%  with  75-psig 

tank  pressure  ...  6,  100 

NH3  €  =  0  and  £  =  75%  with  500-psig 

tank  pressure  ...  8, 200 

These  curves  indicate  that  miss  ' "'ns  having  a  radius  greater  than  120 
nautical  miles  would  not  be  practical  for  the  ammonia -fueled  fixed-wing 
craft  when  transferring  cargo. 
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CV-7A,  Cruise  Speed  Figure  26.  CV-7A,  Cruise  Speed 

Versus  Total  Shaft  Versus  Specific 

Horsepower  Required.  Range. 


PAYLOAD,  LB 


Figure  27.  CV-7A,  Radius  Versus  Payload,  120  Knots, 
500  PSIG. 
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Figure  28.  CV-7A,  Radius  Versus  Payload,  i60  Knots, 
500  PSIG. 
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Figure  29.  CV-7A,  Radius  Versus  Payload*  200  Knots 
500  PSIG. 


INSTALLED  FUEL 
CAPACITY  *  l,  928  LB 
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Figure  30.  CV-7A,  Radius  Versus  Payload,  160  Knots, 
75  PSIG. 
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INSTALLED  FUEL 
CAPACITY  •  1,928  LB 


Figure  31.  CV-7A,  Radius  Versus  Payload,  200  Knots, 
75  PSIG. 
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CV-7A#  Speed  Versus  Ton- Miles /Hour /Ton 
Radius  -  8C  Nautical  Miles. 


38,000  LB 


CV-7A,  Speed  Versus  Ton- Miles /Hour /Ton, 
Radius  *  140  Nautical  Miles. 
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Figure  34.  CV-7A,  Radius  Versus  Productivity. 
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ENGINE  MAINTENANCE 


Assuming  that  suitable  materials  and  coatings  will  be  developed  and 
utilized  in  ammonia -fueled  gas  turbine  engines  and  that  the  basic  mission 
requirements  of  the  aircraft  remain  the  same,  it  can  reasonably  be 
stated  that  the  maintenance  requirements  of  ammonia -fueled  engines 
should  be  basically  the  same  as  those  for  current  hydrocarbon-fueled 
engines,  although  additional  complexity  is  anticipated  in  the  engine  fuel 
controls  and  aircraft  fuel  systems.  It  should  be  noted  that  in  case  of 
ammonia  spillage  during  refill  of  tanks,  protective  measures  should  be 
taken  to  keep  the  ammonia  from  contacting  any  aluminum  surfaces. 


56 


ENGINE  CONVERSION  AND  PRODUCTION  COSTS 


Using  the  report  prepared  for  the  U.  S.  Army  Engineer  Research  and 
Development  Laboratories  under  Contract  DA  44-009-AMC-824(T)*  as 
a  guide,  the  following  cost  estimates  are  presented! 

1.  Development  costs  for  engine  modification  kits  are  estimated 
to  be  above  $4  million  for  engines  having  low  airflow  rates 
(3-7  pounds  per  second)  and  $6  million  to  $7  million  for 
engines  with  airflow  rates  from  10  to  25  pounds  per  second. 
These  cost  estimates  include  a  50-hour  preliminary  flight 
rating  test  and  a  150 -hour  military  qualification  test. 

2.  Procurement  and  installation  costs  of  modification  kits  are 
estimated  to  be  50  to  75  percent  of  original  engine  cost,  de¬ 
pending  on  the  engine  size,  the  lighter  engine  having  the 
greater  percentage  increase  in  cost. 

3.  Production  costs,  based  on  a  delivery  rate  of  100  engines  per 
month,  are  estimated  to  be  20  to  25  percent  higher  than  pro¬ 
duction  costs  of  the  hydrocarbon-fueled  version. 

4.  Regenerator  costs,  based  on  a  delivery  rate  as  above,  are 
estimated  to  be  $40  to  $50  per  pound  of  regenerator. 


♦  Solar  Division,  International  Harvester  Company,  'Phase  I 
Development  of  an  Ammonia- Burning  Gas  Turbine  Engine", 
1965. 


Report: 
23  July 
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CONCLUSIONS 


From  the  results  observed,  it  is  concluded  that: 

1.  The  productivity  of  ammonia -fueled  aircraft  is  approximately 
one-fourth  or  less  that  of  p.esent  hydrocarbon-fueled  ver¬ 
sions;  the  mission  radius  capability  is  approximately  one- 
third  that  of  the  standard  versions. 

2.  Of  the  engines  considered,  the  specific  fuel  consumption  of  the 
ammonia -fueled  gas  turbine  engines  is  approximately  2.20  to 
2. 26  times  that  of  the  hydrocarbon-fueled  engines,  while  the 
maximum  power  of  the  ammonia  engines  ranges  from  15  to  16 
percent  higher  than  that  of  the  hydrocarbon-fueled  engines. 

3.  The  use  of  a  regenerative  engine  in  both  the  hydrocarbon-  and 
ammonia -fueled  versions  of  the  UH-1D  significantly  improves 
engine  /helicopter  performance;  the  use  of  a  regenerative  engine 
in  the  CV-7A  decreases  aircraft  performance  and  only  slightly 
increases  engine  performance. 

4.  Some  form  of  a  pressurized  tank  must  be  used  for  ammonia 
storage.  With  low-pressure  tanks,  the  performance  of  rotary- 
and  fixed-wing  aircraft  increases  30  to  35  percent  over  that 
with  high-pressure  tanks. 

5.  With  the  exception  of  a  possible  increase  in  fuel  system  com¬ 
plexity  with  its  attendant  problems,  maintenance  requirements 
for  nonregenerative  ammonia -fueled  engines  will  be  basically 
the  same  as  current  requirements  for  hydrocarbon-fueled 
engines. 

6.  Development  costs  for  engine  modification  kits  will  be  high  and 
will  require  3  to  4  years  for  development. 

7.  Theater -of- operation  fuel  and  support  logistics  requirements 
(aircraft,  personnel,  equipment,  landing  fields,  etc. )  will  in¬ 
crease  considerably,  on  account  of  an  aircraft  productivity  re¬ 
duction  of  75  percent,  a  range  reduction  of  69  percent,  and  con¬ 
sumption  of  four  to  six  times  the  quantity  of  fuel  (by  weight) 
per  mission. 
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RECOMMENDATIONS 


From  the  results  observed  in  this  report,  it  is  recommended  that: 

1.  Because  of  limited  performance  of  ammonia -fueled  aircraft,  this 
task  be  dropped  from  the  Nuclear  Powered  Energy  Depot  concept. 

2.  If  consideration  of  ammonia-fueled  aircraft  is  mandatory,  a 
Qualitative  Materiel  Development  Objective  be  established,  out¬ 
lining  the  mission  and  operational  requirements.  <  Additional  work 
in  this  area  should  include  a  cost  effectiveness  study  concerned 
with  logistics  of  supplying  ammonia  in  quantities  four  to  six  times 
that  of  JP-4  fuel  requirements  and  should  also  include  man¬ 
power,  equipment,  support,  and  distribution  requirements. 

3.  Research  and  development  be  continued,  and  in  some  cases  be 
accelerated,  both  to  obtain  and  to  put  to  use  the  technology  of 
the  following  approaches: 

a.  Variable  compressor  geometry. 

b.  Variable  turbine  geometry. 

c.  High  turbine  temperature  technology. 

d.  High  compressor-pressure  ratio  technology. 

e.  Regeneration. 

Since  the  primary  purpose  of  this  concept  is  to  reduce  or  elimin¬ 
ate  hydrocarbon-fuel  logistics,  a  reduction  of  50  percent  or  more 
can  be  realized  in  current  hydrocarbon-fueled  gas  turbine  engines 
by  utilizing  one  or  a  combination  of  these  approaches. 

4.  If  ammonia  fuels  are  to  be  considered  for  other  applications, 
an  investigation  be  conducted  to  determine  the  feasibility  of 
gelling  liquid  ammonia.  Gelation  of  ammonia  could  simplify 
handling  problems,  retard  the  rate  of  vaporization,  and  reduce 
the  refrigeration  requirements  of  ncnpressurized  containers 
when  storing  liquid  ammonia  in  large  quantities. 
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